iron dosing or strategies in which IV iron is administered on an as-needed basis.
The 2012 Kidney Disease Improving Global Outcomes guidelines propose two strategies for the routine administration of IV iron in hemodialysis: 'periodic' (also called 'rescue' or 'bolus') iron repletion, consisting of serial IV iron administration aiming to replenish iron stores or 'maintenance' iron administration, consisting of smaller doses at regular intervals, aiming to stabilize iron storage [10] . Maintenance strategies, associated with fewer large IV iron doses, might limit the risks of toxic effects of IV iron [11] and might promote the stability of iron stores. Erythropoiesis could consequently be more consistently maintained, and, in turn, more efficient, requiring less administration of exogenous ESA. A small randomized controlled trial showed that maintenance iron administration reduced the amount of ESA required to maintain patients' Hb within target [12] . However, in a conflicting large observational study, bolus IV iron administration regimens were associated with higher Hb values and lower average ESA doses [13] . Notably, each of these studies included a mix of incident and prevalent patients, and they defined IV iron administration strategies differently [12, 13] .
Thus, uncertainty surrounds the relationship between IV iron administration strategies following hemodialysis initiation, achievement of anemia management goals and clinical outcomes [12] [13] [14] [15] . We studied the association of maintenance IV iron administration strategies during the first months following patients' hemodialysis initiation with the achievement of Hb targets, ESA doses and mortality in a contemporary national cohort of incident hemodialysis patients.
M A T E R I A L S A N D M E T H O D S

Study population and data sources
Our study population comprised patients initiating in-center hemodialysis between 1 January 2003 and 31 December 2009 at 209 dialysis facilities operated by Dialysis Clinic, Inc. (DCI) [16] . DCI is a medium-sized not-for-profit provider of dialysis care in the USA. We obtained information regarding patients' dialysis treatments, demographics, comorbidity, routine laboratory tests, medications and hospitalizations from electronic medical records. We obtained additional information from the US Renal Data System through linkage to DCI data [16] . The study was approved by the Johns Hopkins University School of Medicine Institutional Review Board, Baltimore, MD, USA.
Rationale and study design
Our prior investigation indicated that, during the initial 2-3 months following hemodialysis initiation, most patients receive higher IV iron doses (or 'loading doses') than is typical during subsequent maintenance hemodialysis [9] . Assessments of hemodialysis patients' iron stores usually occurred quarterly in clinical practice in the USA [17] . We defined the exposure period, during which the IV iron administration strategy was determined, as the 12 weeks following the first transferrin saturation (TSat) measurement between 60 and 120 days following dialysis initiation for both our exposure groups. We examined associations of IV iron treatment strategies with anemia management goals and early mortality during a 4-week period following 12 weeks during which the IV iron administration was characterized (Figure 1 ).
Study population
We selected a candidate cohort of adult patients initiating in-center hemodialysis at DCI facilities between 1 January 2003 and 31 December 2009. For analyses of the association between IV iron administration strategy and anemia management goals, we included patients who had information available on both their IV iron administration strategy and anemia management goals (Hb target and ESA reduction) over the exposure and follow-up periods. For analyses of the association between IV iron administration strategy and early mortality, we included all patients with information on IV iron administration, but we did not require information on anemia management to be present. We excluded patients using darbepoetin during exposure or follow-up periods, since administration strategies of IV iron preparation and doses of other ESA formulation (epoetin alfa) could differ.
Exposure period
We assigned the start date for assessing IV iron administration strategy as the first day within 60-120 days after dialysis initiation, at which TSat, Hb and ferritin were measured simultaneously ( Figure 1 ). If simultaneous assessment of these laboratory values did not occur on a single day within 60-120 days after dialysis initiation, we used the first day at which TSat and ferritin were measured simultaneously during the 60-to 120-day period. If the latter also did not occur within this period, then we selected the first date with a single TSat measurement.
Definition of maintenance IV iron administration
A priori, we defined maintenance strategies as administration of at least one dose of IV iron each week, every other week, every 3 weeks or every 4 weeks throughout the 12-week exposure period. All patients who did not meet the criteria for maintenance strategies during this 12-week period were assigned into a single 'non-maintenance' strategy group.
Outcomes
Our primary outcome was the achievement of clinically relevant anemia management goals following IV iron administration, which we defined as the achievement of an Hb concentration of 10-12 g/dL or >25% decrease in the prescribed mean weekly ESA dose, corrected for body weight. Because routine Hb assessments usually occurred monthly, we assessed the Hb outcome using the first Hb measured following the 12-week exposure period up to a maximum of 40 days after the end of the exposure period. We assumed that clinicians would use this achieved Hb measurement to guide their subsequent ESA prescription. Therefore, we used the mean weekly ESA dose over the 4 weeks following this achieved Hb measurement to calculate the difference in ESA use as a consequence of the iron administration strategy.
To estimate corrected weekly ESA doses, we divided the sum of all ESA doses administered during each week by each patient's post-dialysis target body weight during that week. In
instances in which the target weight was changed during the week, we took the average of the two weights. To estimate mean weekly ESA requirements, we summed corrected weekly ESA doses during the exposure and follow-up periods and divided the sums by the total number of weeks during the 12 weeks of the exposure period (the 4 weeks of the follow-up period). We estimated percent change in ESA requirement as: 100 Â (mean weekly exposure ESA dose À mean weekly outcome ESA dose)/ mean weekly exposure ESA dose.
We assessed early all-cause mortality during the followup period, within 4 weeks after the first Hb measured or (if not applicable) until 4 weeks after the end of the follow-up period.
Covariates
We obtained patients' demographics (sex, race, ethnicity), age at dialysis initiation, primary cause of end-stage renal disease, body mass index (BMI) (weight in kg/height in m 2 ) and residual estimated glomerular filtration rate (eGFR) at dialysis initiation as estimated by the Modification of Diet in Renal Disease Equation on the Centers for Medicare and Medicaid Services Medical Evidence Form (Form 2728) [16] . We estimated the burden of each patient's comorbidity within the 30 days prior to the IV iron exposure period from Medicare claims using an index score developed by Liu et al. [18] . We assessed patients' serum albumin and creatinine values prior and closest to the exposure start date within a maximum of 30 days. We considered infection to be present during a 21-day period prior to the start of the exposure period if patients were either prescribed IV antibiotics in the dialysis unit for more than 2 days during that period or hospitalized for infection during that period (see Supplementary data, Methods). We also assessed patients' dialysis facility locations and types of vascular access at baseline. To reflect the likelihood of iron deficiency, we created a 5-level categorical variable incorporating both TSat and ferritin values (see Supplementary data, Methods).
Statistical analyses
Primary analyses. We described differences in characteristics between patients with maintenance versus nonmaintenance IV iron administration using one-way ANOVA for continuous variables and v 2 test for categorical variables. We quantified patients' relative odds of reaching the Hb and ESA targets using multivariable logistic regression models, adjusting for potential confounders including demographics (age, sex, race, ethnicity); clinical and treatment parameters (cause of end-stage renal disease, eGFR, BMI, comorbidity and year of dialysis initiation); iron dose (total iron dose during the exposure period); measures of iron stores (TSat and ferritin at the start of the exposure period); starting Hb and mean weekly ESA dose during the exposure period; and recent history of proinfectious and pro-inflammatory parameters (vascular access, serum albumin, serum creatinine and infection). We assessed the association between strategy of IV iron administration during the exposure period and mortality using a Kaplan-Meier plot and logistic regression models adjusted for the same sets of confounders.
Sensitivity analyses. Because we hypothesized Hb at the start of the exposure period to be an important confounder, we also performed all analyses stratified by Hb at the start of the exposure period. We also assessed the influence of iron dose on our findings by performing a sensitivity analysis without adjustment for IV iron dose during the exposure period.
We hypothesized that patients who received no IV iron during the exposure period might be different from other patients not receiving maintenance IV iron regimens. Therefore, we performed a sensitivity analysis excluding these patients.
To study the influence of our study inclusion criteria, which did not require that all patients have TSat, ferritin and Hb available simultaneously, we performed a sensitivity analysis in which we restricted the study population to those who had all three laboratory values available at the same date. To assess the impact of our requirement that included patients have information on both exposure and outcome, we performed an additional sensitivity analysis in which we also included patients with information on the achievement of their Hb target but not their ESA dose requirements.
Missing values. After selecting our cohort, we imputed missing data by multiple imputation using chained equations and included all analysis covariates in the imputation models to predict missing values. The following variables had missing values and were imputed: serum creatinine (n ¼ 22; 0.2%), vascular access (n ¼ 262; 1.9%), eGFR (n ¼ 166; 1.1%) and BMI (n ¼ 168; 1.3%). Timeline of the study, expressing the exposure and follow-up period in relation to dialysis initiation and iron parameter measurements. IV, intravenous; ESA, erythropoietin stimulating agents, TSat, transferrin saturation; Hb, hemoglobin.
Model checks. We performed Wald tests to assess differences in outcomes among the strategies within the models. We conducted analyses with cluster-robust variance correction to adjust for potential clustering of observed effects within individual dialysis centers. We checked all models for linearity by inspection of plots of Pearson residuals versus continuous covariates. Only Hb did not show a linear distribution, therefore spline terms were incorporated (11 and 13 g/dL). We used STATA version 12 (College Station, TX, USA) for all analyses.
R E S U L T S
Among 24 835 patients initiating hemodialysis in DCI during the study period, 12 969 patients met our inclusion criteria (Figure 2) . The main reason for exclusion was the absence of a TSat recorded between 60 and 120 days after dialysis initiation. Compared with those excluded, patients included were younger (mean 62 versus 64 years, P < 0.01), more often black (37 versus 28%, P < 0.01) or Hispanic (6 versus 4%, P < 0.01), more likely to have diabetes (63 versus 59%, P < 0.01) and less likely to have congestive heart failure (44 versus 48%, P < 0.01), cancer (10 versus 14%, P ¼ 0.02) or liver disease (1 versus 3%, P < 0.01). Table 1 presents the baseline characteristics of the included patients according to IV iron administration strategy. Among those administered maintenance IV iron, 1289 (29%) patients were administered weekly IV iron, 1815 (40%) every 2 weeks, 828 (18%) every 3 weeks and 579 (13%) patients were administered IV iron every 4 weeks during the 12-week exposure period. The total iron dose during the exposure period was greater among the maintenance group compared with the non-maintenance group [mean iron dose in maintenance 1002 mg (standard deviation 
Association of IV iron administration strategy with outcomes
Although statistically significant, the 0.1 g/dL (P < 0.01) difference in mean Hb between both IV iron strategies was not clinically relevant [Hb maintenance group 12.1 (SD 1.3); nonmaintenance 11.99 (1.4) g/dL]. After adjustment, patients administered maintenance IV iron were not more likely to achieve Hb targets. The mean weekly ESA dose was 20.1 units/ kg lower (P < 0.01) among patients administered maintenance IV iron [ESA dose maintenance group 223.9 (SD 235.1); nonmaintenance 244.8 (SD 265.7) units/kg] (Figure 3 ). This difference persisted after full adjustment, with 15% greater odds of a more than 25% reduction in ESA dose among patients treated with maintenance when compared with non-maintenance IV iron ( Table 2) .
The mortality analysis included 4708 patients in the maintenance and 9145 in the non-maintenance groups (Supplementary data, Tables S1 and S2). During the followup period, early mortality was lower among patients in the maintenance group [172 deaths (4%)] than among patients in the non-maintenance group [627 deaths (7%)] (Table 2 and Figure 4 ).
Sensitivity analyses
Stratified analyses showed associations of maintenance IV iron administration with ESA reduction to be strongest among patients with Hb above 12 g/dL at the start of the exposure period; this was also the group with the largest difference in mortality (Table 3) . Baseline characteristics did not differ among the subgroups (Supplementary data, Tables S3 and S4). Age, estimated glomerular filtration rate (eGFR), total iron dose, mean weekly erythropoietin stimulating agent (ESA) dose, body mass index, ferritin at the start of the exposure period, transferrin saturation (TSat), year of dialysis initiation, serum albumin and serum creatinine are expressed as mean values (standard deviations); all others are expressed as numbers (percentages).
| | | | | | | | | | | | | | | | | | | | | | | |
In sensitivity analyses, which (i) did not adjust for total IV iron dose administered during the exposure period, (ii) excluded patients who received no iron from the nonmaintenance group, (iii) restricted the study population to patients for whom the TSat, ferritin and Hb were available, (iv) used ferritin and TSat categories in line with the European guidelines [19] findings were very similar to our primary findings (Supplementary data, Table S5 ). The lack of association between IV iron administration strategy and the achievement of Hb targets persisted when we additionally included patients who only had an Hb value present during the outcome assessment period [adjusted OR 1.01 (95% CI 0.93-1.09)].
D I S C U S S I O N
Among patients recently initiating hemodialysis, maintenance strategies of IV iron administration over a 12-week period were not associated with odds of achieving an Hb 10-12 g/dL. However, maintenance strategies were associated with reduction in ESA dose utilization of at least 25% and with 27% lower odds of early death, compared with non-maintenance strategies. Associations were independent of ESA and of cumulative iron doses. The implication of these findings is that administering regularly scheduled maintenance IV iron administration could not only lower ESA use and therein patient care costs, but it could also impact important clinical outcomes, including survival, as was found in this analysis.
To our knowledge, this study is the first comparative analysis of IV iron administration strategies on anemia management in incident hemodialysis patients. These patients require high doses of iron initially and are free from survivor bias, and thus represent a unique and clinically relevant population. In this population, our findings contribute to a growing body of evidence, including reports from a recent large observational study FIGURE 3: Differences in hemoglobin levels and mean weekly erythropoietin stimulating agent (ESA) doses before and after the exposure period. The figure represents the difference in means of hemoglobin levels and mean weekly doses corrected for body weight (units/kg). [13] [14] [15] and some small randomized controlled trials in prevalent patients [12, 20] . Prior studies have yielded findings both congruent and conflicting with ours, underscoring the complexity of interpreting study findings regarding the effects of IV iron administration on outcomes among hemodialysis patients. A recent observational study involving mainly prevalent patients from a different large US provider and focusing on bolus IV iron administration reported that bolus IV administration was associated both with more frequent achievement of Hb targets and with reductions in ESA requirements when compared with a maintenance IV iron administration strategy [13] . However, the former study also found that bolus administration was associated with higher cardiovascular and infectious mortality when compared with maintenance, congruent with our findings of reduced mortality with maintenance IV iron administration [14, 15] . Conflicting study findings could reflect differences in study design. For example, we studied the administration of IV iron administration shortly after patients initiated in-center hemodialysis, while prior studies studied primarily prevalent patients or populations consisting of both incident and prevalent patients [12] [13] [14] [15] [20] [21] [22] . Furthermore, while we assessed IV iron administration strategies over a 12-week period, in concert with clinical practice guidelines [19] , prior studies have assessed this over varying time periods, ranging from 4 [13] [14] [15] to 24 weeks [20] . When using a 1-month period to assess IV iron administration strategies and evaluating its outcomes in the following 6 weeks, as was done in the most recent large observational studies [13] [14] [15] , the consequence is that the IV iron administration is very close to the outcome. Indeed, someone who just received a bolus of IV iron is more likely to have an increase in Hb and a decline in ESA dose, compared with someone who did not receive this bolus. But, over time, the patient receiving IV iron in a bolus strategy will have a decline in iron stores, followed by a decrease in Hb and an increase in ESA dose. Although we also followed patients for a period of 4 weeks after IV iron administration, the longer 12-week time frame we used to characterize the IV iron management strategy in our study may have strengthened our ability to capture sustained effects of iron management.
A final major difference in design to be mentioned is the fact that definitions of maintenance and non-maintenance strategies of IV iron administration vary widely among published studies, i.e. from regular doses following an initial loading dose [22] and aiming for a TSat of between 30 and 50% [12, 20] or any strategy not being a bolus regime [13] [14] [15] . As we hypothesized that a maintenance strategy potentially leads to a higher likelihood of being in target of Hb while receiving less ESA, we chose to compare any 'true' maintenance administration strategy (i.e. regular schedule) to any other IV iron administration strategy. Interestingly, we found that with this definition and our assessment over 12 weeks, the maintenance group received more iron overall, while in the previously mentioned studies the bolus groups received more iron. Correction for iron dose in our main models did not change our results, however. Furthermore, the sensitivity analysis excluding those who received no iron from the non-maintenance group showed findings similar to our main results, while iron doses after removing those who Table 3 . Odds ratios for IV iron administration strategies with anemia management goals and mortality stratified by hemoglobin at the start were receiving no iron were similar [i.e. 1000.7 (SD 574.4)] among the non-maintenance group versus 1002 mg (575 mg) in the maintenance group (P ¼ 0.89). This suggests that iron dose is unlikely to be driving these results. In our subgroup analyses, differences in ESA reduction and early mortality were most pronounced among patients with Hb exceeding 12 g/dL at the start of the IV iron exposure period. Reasons for this observation are unclear. However, it is possible that patients with higher Hb levels may receive less ESA and therefore be potentially at less risk of ESA-associated health hazards compared with patients with lower Hb receiving more ESA treatment. Indeed, patients starting with the lowest Hb, as expected, received the highest ESA doses (and the lowest IV iron doses) and vice versa (Supplementary data, Table S2 ). Another explanation could be that patients who start with a low Hb have more comorbidities, are at higher risk of ESA resistance and have less stable iron levels. One could hypothesize that this group therefore would not benefit from any IV iron strategy.
Like any observational study, ours could be influenced by unobserved and residual confounding, including confounding by indication. Also, we reported a statistically significant difference in dialysis dose at baseline; however, these absolute values do not reflect a clinically significant difference between the two groups. This observed difference is likely due to the large study population. In addition, restriction of our cohort to patients with all information available to define the IV iron administration strategies and outcomes limited our sample size and may have limited the generalizability of our findings, due to selection bias. Furthermore, IV iron administration protocols may vary from provider to provider and could influence findings. For example, during the period 2003-09 of our study, the Hb goal for clinicians was not uniform. Thus, other factors besides Hb goals might have influenced decisions to choose a certain IV iron administration strategy. Furthermore, we did not have other data such as C-reactive protein, which could have provided additional insight to our findings. Rigorous randomized controlled trials performed among nationally representative populations that carefully measure both patterns and doses of IV iron administration as well as competing risks for the achievement of important clinical outcomes are needed. Nonetheless, we believe that the careful selection of our incident cohort from a representative US dialysis population, in combination with a clinically robust design and thorough analyses, contributes important insight into the potential benefits of maintenance IV iron therapy on clinical care and important patient outcomes.
In conclusion, maintenance IV iron administration strategies were not associated with improved achievement of Hb targets among patients recently initiating hemodialysis, but they were associated with significantly lower ESA requirements and even more importantly lower early mortality, compared with patients on non-maintenance IV iron administration strategies, independent of iron doses. Our findings provide evidence that maintenance IV iron administration may represent a beneficial treatment strategy for incident hemodialysis patients, but the findings of this observational study should be confirmed by randomized clinical trials.
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